We have formulated a unified dosimetry index (UDI) that computes, for any given treatment plan, its deviations in terms of dose coverage, conformity, homogeneity, and dose gradient vis-à-vis an ideal plan (which we define as a dosimetry plan of perfect dose coverage, conformity, homogeneity, and step-wise fall-off to zero dose outside the planning target volume). In order to validate the UDI scoring system, 21 stereotactic cranial radiosurgery cases were evaluated retrospectively. The cases were planned on the BrainSCAN treatment planning system (BrainLAB, Feldkirchen, Germany) using 6 to 8 non-coplanar static beams collimated with the micro multi-leaf collimator (mMLC). We suggest a technique for creating a ranking system that can be utilized for plan evaluation and comparison between multiple plans. Under this system treatment plans are classified as "excellent", "good", "average", or "poor". The proposed ranking system can be utilized as a general guide for generating an optimal dosimetry plan for external beam radiation therapy.
I. INTRODUCTION
Treatment plan evaluation tools are necessary for judging how well dosimetry plans meet the preset planning objectives. Traditional methods such as three dimensional dose distributions, and dose volume histogram (DVH), are adequate for qualitative evaluations, but not well suited for efficient comparison of multiple plans. Furthermore, adequate quantitative comparison of dosimetry plans generated from two different treatment planning systems (TPS) usually requires third-party software that can import data from the two TPS into a common platform. Dosimetry planning objectives typically consist of (a) achieving full uniform dose coverage to the target (i.e., covering close to 100% of the target with the prescribed dose), (b) attaining high target dose conformity, (c) minimizing the volume of normal tissue receiving very high dose, and (d) limiting the dose to critical structures below their tolerance. While direct scoring of the first three objectives is easily obtained, scoring the fourth objective can be quite complex. In principle, if the dose beyond the target volume falls off sharply, then the dose to critical structures close to the target may also be reduced. Therefore, quantifying the dose gradient is an indirect way of scoring the fourth objective mentioned above.
Several indices for evaluating treatment plan dose coverage, conformity and dose gradient in separate scores as well as in combined overall score have been suggested. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) However none of the indices incorporates dose homogeneity. Whereas homogeneity may not be of high priority in most treatment plans, in cases such as stereotactic radiosurgery (SRS), in which the target may be in very close proximity to a serial critical organ or nerve (e.g., acoustic neuroma), very high hot spots outside the PTV potentially increases the risk of complication. It has been suggested a Corresponding author: Hilary Akpati, Department of Radiation Oncology, Stony Brook University School of Medicine, Stony Brook, New York, U.S.A. 11794; phone: 631-444-1156; fax: 631-689-8801; email: hilary.akpati@sunysb.edu in a publication by Chang et al. (12) that improved tumor dose homogeneity and a staged treatment regimen may improve hearing preservation in acoustic neuroma patients receiving radiosurgery treatment. Furthermore, for intensity modulated radiation therapy (IMRT) treatments there is a higher likelihood for significant positioning error as well as intra-and inter-fraction motions compared to stereotactic radiosurgery treatments. Thus, high dose homogeneity (hot spots outside the target) is particularly undesirable for IMRT, especially if the target is in close proximity to a critical structure, as is often the case.
Our approach is to formulate a unified dosimetry index (UDI) that computes for any given treatment plan its deviations in terms of dose coverage, conformity, homogeneity, and dose gradient vis-à-vis an ideal plan. An ideal plan is defined as one with full uniform dose coverage, perfectly conformed to the target, and a step-wise fall-off to zero dose outside the target. An overall score that integrates contributions from all four dosimetry components is obtained for each plan. Details of the unified dosimetry index method are presented in section II. Results of retrospective scoring of 21 cranial radiosurgery treatment plans, demonstrating the effectiveness of the UDI system, are presented in section III. In the discussion section we present a general guideline for creating a ranking system that can be used to classify treatment plans as "excellent", "good", "average", or "poor".
II. MATERIALS & METHODS
Dose coverage is defined as the fraction of the planning target volume (PTV) receiving the prescribed dose. Dose conformity, on the other hand, is defined as the ratio of the total volume of all tissue receiving the prescribed dose versus the PTV. Whereas dose coverage gives a measure of how well the PTV is covered by the prescribed dose, dose conformity gives a measure of how well the prescribed dose is confined to the PTV. Dose gradient is defined as the ratio of the volume receiving the prescribed dose and the volume receiving half the prescribed dose. The dose conformity and dose gradient components are defined such that high values are translated as good conformity and high dose gradient (fast dose fall-off), whereas low scores indicate poor conformity and low dose gradient, respectively. On the other hand, dose homogeneity is defined as the ratio of maximum dose to prescribed dose. Therefore a high dose homogeneity value represents hot spots in and around the planning target volume. However, the definition of dose homogeneity can be restricted to pertain only to hot spots outside the PTV, consistent with the International Commission of Radiation Units and Measurements (ICRU), (13, 14) so that a high homogeneity score (i.e., values much greater than 1.0) represents a "poor" plan, whereas a lower score (values closer to 1.0) would be associated with a "good" plan. Comparing the dosimetry components we see that both dose conformity and dose gradient score "good" plans in an opposite sense as the dose homogeneity component. This presents a challenge in terms of creating an index that integrates either dose conformity or dose gradient components (or both) with homogeneity, into a single scoring system. The UDI formulation is based on a mathematical logic that scores the overall deviation of a treatment plan vis-à-vis an "ideal" plan (as defined above). The unified dosimetry index is defined as follows: 
where PTV is the planning target volume; PTV PI = planning target volume receiving the prescribed isodose (PI); DV PI = dose volume of the prescribed isodose; DV HPI = dose volume of half the prescribed isodose; D Max = maximum dose at any point 2 mm beyond the PTV; and D PI = dose value of the prescribed isodose. HI = 1, if D Max < D PI . W k denotes weighting factors that reflect the relative importance of the four components. The weighting factors should be restricted such that W 1 ×W 2 ×W 3 ×W 4 = 1.0 (in order to prevent inflation or deflation of the UDI score). The composite index, UDI, compounds the contributions from all four components into one single score as defined in equation (1) . It may also be desirable in some situations to analyze each individual component of UDI separately. All four components are expressed in terms of the same generic function, UDI(X), which is defined as follows:
where X = {C, CF, HI, or DG}, defined in equations (2-5) above, is substituted for coverage, conformity, homogeneity, and dose gradient indices, respectively. All four components, UDI(C), UDI(CF), UDI(HI) and UDI(DG), have the same basic form given in equation (6) . This ensures that the deviation contribution from each component (with respect to an "ideal" plan) is positive and normalized such that for an "ideal" plan the composite UDI score equals 1.0. In other words, for an "ideal" plan, the following conditions hold:
For an actual physically realizable dosimetry plan the composite UDI score is always greater than 1.0. The generic form of the UDI components, UDI(X), given in equation (6), is essentially a V-shaped function centered at an X-value of 1.0. A plot of UDI(X) is shown in Fig. 1 . The dose coverage and dose gradient components, UDI(C) and UDI(DG), are both on the negative slope. This stems from the definitions of coverage and dose gradient given in equations (2) and (5), respectively. On the other hand, the dose conformity and homogeneity components, UDI(CF) and UDI(H), are both on the positive slope (which also stems from definitions of conformity and homogeneity given in equations (3) and (4), respectively).
To test the UDI scoring index, a retrospective evaluation of actual dosimetry plans used for treatment of 21 cranial radiosurgery cases, randomly selected from a pool accumulated over a period of two years, is presented (see Table 1 ). The only selection criterion is that all cases considered for the study had to have a single isocenter. This ensures that each isocenter dose distribution is devoid of dose contributions from an adjoining isocenter. The dosimetry plans for all 21 cases were obtained using the BrainScan planning system (BrainLAB, Feldkirchen, Germany). 3D-conformal multiple non-coplanar static beams (6 to 8) were utilized. The beams were collimated with the micro multi-leaf collimator (mMLC). The BrainLab m3 model (with 3 mm projected leaf width at isocenter) is utilized. . All four components are expressed in terms of the UDI(X) function given in equation (6) . Here X can be coverage, dose gradient, conformity, or homogeneity. The dose coverage and dose gradient components are on the negative slope, whereas conformity and homogeneity components are on the positive slope of the function. 
III. RESULTS
The UDI scores of 21 stereotactic radiosurgery cases evaluated span a wide range. A low UDI score indicates a "good" dosimetry plan, whereas a high score corresponds to a "poor" plan. In order to simplify the analysis, all four components of UDI are equally weighted (i.e, W 1 =W 2 =W 3 =W 4 =1.0). However, in some treatment cases unequal weighting of the UDI components may be more appropriate. The lowest score (corresponding to minimum deviation from an ideal dosimetry plan, UDI=1) is 59, whereas the highest score (corresponding to maximum deviation from an ideal dosimetry plan) is 573 (see Table 1 ). A histogram plot of the UDI scores is shown in Fig. 2 . The UDI score of a dosimetry plan is a single number that gives its overall evaluation in terms of dose coverage, dose conformity, dose homogeneity, as well as dose gradient. This type of scoring is very useful for a consistent quantitative evaluation of a dosimetry plan. In cases where multiple (2 to 3) dosimetry plans are generated, UDI scoring can be an efficient and non-subjective method for ascertaining which plan is best. In some situations it may also be necessary to score each of the four UDI components separately. A corresponding histogram plot of all four UDI components for the 21 radiosurgery cases is shown in Fig. 3 . Dose conformity has the highest value and the wider range of values. In other words, the dose conformity is the more dominant UDI component that determines, to a large extent, how well a dosimetry plan is scored, based on the UDI scoring method. Dose gradient and homogeneity are the second and third dominant UDI components, respectively, and also contribute significantly to the composite UDI score. The dose coverage component, however, does not contribute significantly to the overall UDI score, as indicated in Fig. 3 . This is because, for the radiosurgery cases, full target dose coverage is given a high priority in the dosimetry planning. As a result the dose coverage component of UDI is expected to be approximately 1.0. It is important to note that for other modalities such as IMRT the dose coverage component would be more variable, and therefore contribute more to the overall UDI score. One way to demonstrate the effectiveness of UDI scoring method is by associating UDI scores to corresponding dose distributions. Two contrasting examples are shown in Fig. 4 . The top panel is taken from case number 9 with a UDI score of 76, whereas the bottom panel is from case number 11 with UDI score of 573. The dose distributions in case 9 show better dose conformity, dose fall-off, and homogeneity compared to the distributions in case 11. This is consistent with their UDI scores. Corresponding dose volume histogram (DVH) plots for cases 9 and 11 are shown in Fig. 5 . DVH plots of the PTV and other contoured critical structures are useful for evaluating the dose coverage to the target, as well as the dose exposure of the organs at risk. Evaluation of the DVH plots of the PTV for cases 9 and 11 show that in both cases the PTV receives excellent dose coverage (i.e., approximately 100% of the target volumes get the prescribed dose which is defined at the 80% isodose line in both cases). However, a DVH plot of the PTV alone is insufficient to ascertain any useful information about dose conformity (i.e., how well the prescribed dose is confined to the intended target volume). However, if we evaluate the dose exposure to normal brain tissue (i.e., whole brain minus PTV), it is apparent that in case 11 a significantly higher volume of normal brain tissue is exposed to higher dose compared to case 9 (see the DVH plot for whole brain minus PTV). This would translate into higher normal tissue complication probability (NTCP) for case 11 compared to case 9, and is consistent with their UDI scores. This further underscores the significance of the dose conformity component of the UDI scoring system. 
IV. DISCUSSION
The UDI scoring method presented has been demonstrated as a tool for efficient and non-subjective evaluation of a dosimetry plan, as well as for quantitative comparison of multiple plans. As more and more radiation oncology facilities deploy multiple treatment planning systems, it may become necessary to compare one TPS against another. Typically this is done based on side-byside comparison of dose volume histograms and dose distribution obtained from each TPS. The other approach will be to export the dosimetry plans from each TPS to a common platform that can be utilized for more quantitative comparison (which can be quite challenging). The UDI scoring system is a useful tool for evaluation of dosimetry plans obtained from different TPS. Furthermore, the UDI method can also be useful for establishing a benchmark or standard on which dosimetry plans can be ranked.
A. UDI classification of dosimetry plans
Of the 21 radiosurgery cases presented, the mean UDI score, μ = 255, and the standard deviation, σ = 144. Four classification groups can be constructed based on the mean and standard deviation, such that UDI scores greater than (μ + σ) are classified as "poor", whereas scores ranging from (μ) to (μ + σ) are classified as "average". UDI scores ranging from (μ -σ) to (μ) are classified are "good", and scores less than (μ -σ) are classified as "excellent". A plot of the ranking system established for cranial stereotactic radiosurgery is shown in Fig.6 . Of the 21 cases evaluated, three treatment plans are classified as "excellent", nine as "good", six as "average", and three as "poor". An example of treatment plan classification using the UDI ranking system is given in Table 2 . It is important to emphasize that the ranking system presented in Table 2 is based on UDI data obtained for stereotactic cranial radiosurgery, and therefore is more suitable for such cases. Similar tables should be constructed for ranking dosimetry plans of other treatment modalities, for example, one table for prostate IMRT plans, and another table for head and neck IMRT plans, etc. Furthermore, a ranking table generated by one institution may not be applicable for another institution. It is also important to note that the results presented above are based on a retrospective evaluation of 21 radiosurgery cases treated over a period of a couple of years. The dosimetry plans utilized were determined to be clinically most suitable for treatment. Although some plans rank poorly on the UDI scale, they may very well be the best plans achievable physically for those particular cases based on their target shapes and locations. 
B. UDI variance with planning technique
It is also desirable to have a tool (other than DVH) that can be utilized during the planning process as a quick evaluation guide that will help the planner judge how well a dosimetry plan is meeting the dose coverage, conformity, homogeneity or dose gradient goals. UDI can be used to select the best plan from multiple competing plans, for the same case. For instance, is there a big difference using 7 beams versus 9 beams? Or is there a big difference using static coplanar versus dynamic arcs? Such questions can be answered based on UDI scoring. An illustration of UDI variance as a function of number of treatment beams is presented in Table 3 . The planning targets and structures from cases 9 and 11 are utilized. In order to facilitate a systematic analysis the treatment beams utilized for these calculations are coplanar and equally spaced, and equally weighted. For case 9 the mean UDI score, μ = 62, and standard deviation, σ = 6.5. For case 11 the corresponding values are μ = 457, and σ = 9.9. In general, a UDI variance of 5 to 10 (higher variance values for targets with more irregular shape) is considered significant. C. Comparing UDI to other scoring systems Whereas a number of indices for scoring dosimetry plans have been proposed, (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) it is difficult to get a good sense as to which system is better or more useful. The Conformity/Gradient Index (CGI) of Wagner et al. (1) has been widely used and quoted in the literature. (11, 15) The CGI index averages the components of dose conformity and dose gradient. This can lead to ambiguous scoring due to the effect of averaging. The Radiation Therapy Oncology Group (RTOG) have also suggested a quality assurance guideline for radiosurgery treatment plans, which include three separate indices of dose coverage, conformity, and homogeneity. (16) The unified dosimetry index presented here, is the only system that incorporates all four dosimetry components of dose coverage, conformity, homogeneity and dose gradient into a single overall score. The UDI method compounds the contributions from each component, instead of averaging as is the case in the CGI method of Wagner et al., (1) thereby avoiding ambiguous scoring. A limitation of the UDI system is that it is not easily utilized for scoring IMRT cases in which multiple target dose coverage objectives are specified. Furthermore, although dose gradient component is included, there is no direct accounting of critical structure dose in the UDI scoring system. This point should be taken into consideration when analyzing UDI scores, since in some clinical situations minimizing critical structure dose could be an overriding priority.
V. CONCLUSION
The UDI method unifies four dosimetry objectives of dose coverage, conformity, homogeneity, and dose gradient, into one simple equation that is easily utilized for calculating a figure of merit that quantifies the overall quality of a dosimetry plan. We propose a technique for creating
